Near-infrared spectroscopy (NIRS), applied to a human head, is a noninvasive method in neurointensive
Introduction
Near infrared spectroscopy (NIRS) is an established method to detect changes in the cerebral hemodynamics and in particular of the state of haemoglobin oxygenation (oxy-Hb, Deoxy-Hb) [1] . Combined with indocyanine green (ICG) as a tracer substance, NIRS allows to determine the mean transit time of ICG, therefore also of blood, furthermore the cerebral blood volume as well as the cerebral blood flow of adult patients in neurointensive care at the bedside [2] . Since the method as such is restricted to an intensity measurement of the transmitted light at the same wavelengths as various incident light sources, it does not include spectroscopy in the strict sense. It has to be added in this context, however, that the measurement of signals originating from fluorescences of exogenous chromophores in the brain tissue has been recently demonstrated [3] . The measured signals, denoted as optical density signals (OD), do furthermore not yield absolute values, but they are sensitive to changes or deviations from baseline conditions only, e.g., due to varying blood oxygenation, the passage of a tracer or short-term changes of the relative blood volume contained in the different tissues involved in the photon paths.
Because the method is applied in vivo to the intact human head, a major drawback derives from the circumstance that an OD signal at a given wavelength contains not only contributions from the brain tissues of interest, but it is contaminated by the absorption and scattering in the extracerebral bone and surface tissues. Likewise, there is an influence from the cerebrospinal fluid (CSF) and, whenever there are distinct surfaces, reflexion and refraction occurs. A distinction of various contributions to the externally measured signal cannot be made in a straightforward fashion. Accordingly, several experimental and theoretical approaches were made to analyze the influence of these contaminations on the measured OD signal [4] [5] [6] [7] [8] . Among other, these investigations supported the finding that the cerebrospinal fluid (CSF) in the subarachnoidal space acts as a light guide [9] .
Spatially resolved spectroscopy (SRS) [10] , whereby the localization of the origin of various contributions to the measured OD signal is derived from consecutive NIRS measurements with different emitter-detector spacings, has been utilized to subtract extracerebral contamination from the detected OD signal. However, inter-individual variability of anatomy restricts the applicability of SRS, mostly because individual verification and calibration is unsuitable for routine non-invasive CBF measurements at the bedside, in particular in the neurointensive care unit. Other methods to differentiate between the extra-and intracerebral contri-butions are based on time-resolved spectroscopy (TRS) [11, 12] , high frequency modulated measurements [13] , or on optical bolus tracking [14, 15] . Time-of-flight measurements following ICG bolus injection have furthermore been shown to allow for a differentiation of perfusion between the two cerebral hemispheres in cases of stroke patients [16] , and the direct measurement of blood flow velocities by way of laser-Doppler techniques has been evaluated [17] .
Theoretical approaches to scrutinize the absorption and scattering process of near infrared in the human head have mostly been based on Monte Carlo (MC) methods which lend themselves for the analysis of light propagation in biological tissues shaped in irregular geometries [18] [19] [20] [21] . While some simulations were performed on homogeneous geometrical structures [22] [23] [24] , other approaches were based on two-dimensional (2D) magnetic resonance images (MRI) to separate different tissues, such as the scalp, skull and cerebrospinal fluid (CSF) layers [25, 26] . Recently, also 3D head models derived from MRI data were used to simulate the light propagation in the head [27, 28] .
In this paper, the results from MC simulations are presented where light propagation, more precisely, the propagation of photons, was simulated between emitter and detector externally attached to the adult head. For these simulations, a 3D anatomical brain model was obtained from MRI data of a healthy, 30-year-old male volunteer. From the simulations, the contribution of various tissues to the total absorption was obtained which in all cases considered allowed the assessment of the extracerebral contamination.
Our study served two purposes. First, the influence of the CSF was assessed by comparing simulations performed on a brain area comprising large sulci filled with CSF with simulations involving another area with a small volume of CSF. A second major focus was related to the influence of the relative blood content in various transilluminated tissues, because the OD signal is obtained in the first place from the intravascular spaces where the change of the blood content, i.e., of scattering and absorption with time is the highest.
With respect to the clinical application of NIRS ICG dye dilution, the dependency of the OD signal on the blood volumina within different tissues of the head is a key feature because ICG is confined to intravascular spaces. The ICG/blood intermix causes a transient change of absorption within the tissues of the observed optical segment, and the effect is the larger, the higher the relative blood volume (rel. BV) of the involved tissues is. In this study, the rel. BV was understood as a mean value, averaged over arterial pulsations of blood contained within a unit volume of tissue. In the literature, the rel. BV of the grey and white matter is often denoted as a cerebral blood volume (CBV). The CBV within the brain tissues includes the arterial, capillary, and venous blood components of the cerebral vessel system whereby 70% to 80% of the CBV is contained within the venous vessels [29] .
Apart from arterial pulsation and ICG passage which contribute primarily to the OD signal, the rel. BV may change markedly within time intervals relevant for measurements (sometimes within seconds). A change in rel. BV yields a baseline shift in a typical NIRS measurement. If the change is sufficiently rapid (seconds), it is amenable to an evaluation. Wolf et al. used the finding that the OD signal varies synchronously with ventilation to determine venous oxygenation in neonates [30] .
The CBV, respectively its changes have been determined directly using various methods. In the original work of Ito [31] , the overall change of CBV was documented, while his newer studies [32] are focused on the change in the arterial component of the CBV during hypercapnia and hypocapnia, using positron emission tomography (PET) with H 2 15 O and 11 CO. In another approach, the regional cerebrovascular response, including arterial and venous change of CBV, to sympathoexcitatory reflexes was evaluated with contrast enhanced computer tomography [33] . Additionally, functional MRI was used to measure the change in CBV with high temporal resolution in relation to visual stimulation [34] .
For the MC simulations presented here, absorption and scattering properties of various tissues of interest here were taken from the literature. Since the published values are mostly based on measurements performed on excised tissue, however, it is to be assumed that the (unknown) blood content associated with these values is generally low. We thereby hypothesize that the enormous spread of the published data can at least partially be attributed to differences in blood content. Accordingly, a comparison was made between the baseline results obtained with the tissues assumed to have a low blood content with a situation where the blood content was higher, presumably corresponding to physiological values ('standard' case). These simulations served to estimate the highest possible OD signal which can be expected to originate from each tissue. A third study was related to the passage of the blood/ICG intermix which increases the effect further according to the rel. BV.
Materials and methods
MRI scans of the head of a healthy adult volunteer were performed on a Philips Intera 3T whole-body unit equipped with a transmit-receive body coil and a commercial eightelement head coil array (MRI Devices Corporation, Waukesha WI, USA). T2-weighted anatomical images were obtained with a turbo spin echo sequence (TE/TR = 80/4000 ms) from 155 slices covering the whole brain with a spatial resolution of 0.8 mm 3 . Further anatomical images were then acquired with a 3D T1-weighted gradient echo sequence (TE/TR = 2.3/20 ms) with the same positioning and geometry. Enhancement of brain vascular structures was achieved with a 3D inflow-weighted gradient echo sequence with TE/TR = 1.88/21 ms and maximum intensity projection reconstruction.
The three image sets were treated and combined with a feature and structure matching algorithm to eliminate movement artifacts. The result was stored in one 3D data matrix of 512×512×100 isotropic voxels. Next, thresholding was made in order to segment the MRI data into different tissue types, namely the scalp, skull, CSF, grey and white matter. We also included the air around the head of the healthy volunteer. Finally, each voxel, i.e., each element of the 3D matrix was assigned a tissue-specific absorption and scattering coefficient representing air, scalp, skull, CSF, grey and white matter, respectively.
The NIRS measurement which is analyzed here consists of the measurement of the time-varying intensity of a stream of photons, assumed to propagate in a stochastic fashion in the tissue. In case of elastic scattering in an optically dense material where the scattering centres are large compared to the wavelength such as is the case in biological tissues, the scattering is of the Mie type. It is furthermore highly oriented in a forward direction. Accordingly, the anisotropic scattering scheme of Prahl et al. was used for the simulations [35] . In the associated MC procedure, we modelled the path of individual photons whereby each photon started at the emitter and was allowed to interact with different tissues in a stepwise fashion. This interaction included elastic scattering and redirection or absorption of a photon. At boundaries, furthermore, internal reflection could occur according to the index of refraction. Those photons which reached the detector were sampled.
During the propagation, we let each photon travel a given distance Ds, whereby it was checked at each step whether the photon had passed the border between two materials or if the photon had been scattered or absorbed. Ds was chosen to be 0.01 mm which was sufficiently small to ascertain that a photon could not pass through different materials without taking into account the associated changes in the absorption and scattering coefficients.
Scattering
The probability p, for the occurrence of a scattering process over the distance Ds is given by
whereby µ s denotes the scattering coefficient. In an optically dense medium, the values of µ s are often quite high and therefore difficult to measure. Instead, the reduced or transport scattering coefficient µ' s is usually given in the literature which is less critical to determine and which is derived from the diffusion approximation. The relationship between the two coefficients is given by [36] 
with the anisotropy factor
describing the mean scattering-induced deviation q from the forward direction. In our model, this angle was assumed to be independent from the azimuthal orientation (transverse anisotropy). It depends furthermore on the wavelength which is constant in our case (800 nm). The formula for the scattering angle was chosen according to Prahl et 
Absorption
The probability for absorption within the distance Ds was calculated according to
Care was taken that the incremental pathlength was sufficiently small (in addition to geometrical constraints given by the anatomical details) that the sum of the scattering and absorption probability was not greater than 1.
Reflection
Internal reflection was taken into account by applying Fresnel's and Snell's law, whenever a photon crossed the borderline from one tissue to another with a different index of refraction n. The optical properties were adapted from the literature [23, 37] as follows (Table 1) . The MC simulation was made such that a random generator created a photon at the surface of the emitter optode with an initial direction of flight which was within the defined angle of the light beam of the optode. Whenever a photon had moved a step forward, a decision was made with respect to the further motion of the photon. The current coordinates of the photon were related to the material matrix to determine the probability of absorption using µ a from the look-up table. If absorption had not occurred, the probability for scattering was evaluated and a new direction of the photon was determined based on the scattering formula. In case that a surface was hit, reflection was taken into account. A photon was considered successful when it crossed the detector plane (circular, 4 mm diameter) at the distance 2 cm, 3 cm, or 4.5 cm, respectively, with an entry angle which was within the range of the angle of acceptance of the optode (90°).
A typical result of a MC simulation is shown in Fig. 1 which exhibits the successful photon paths, i.e. the paths of those photons which reach the receiver. It should be noted that the figure shows a 2D cross section whereas the paths are spatial in nature which explains the interrupted path sections. Every simulation was done with 30×10 6 incident photons in total. After each run, the number of successful paths, along with the photon density distribution within the different tissue types was recorded. Care was taken that the standard deviation was less than 3% in all cases.
For the compilation of the photon density distribution, each successful photon path was scrutinized stepwise according to the tissue that had been passed. This distribution was assumed to represent a direct measure for the (constant) baseline and the (varying) OD signal to be expected under equivalent condition. To this end, the number of path segments in each tissue was related to the total number of segments to yield a relative fraction (%). Both baseline and OD signal were assumed to exhibit the same dependence on the local photon density.
Results and discussion

Influence of CS., baseline conditions
Baseline conditions were modelled first. In order to study the influence of the CSF, the density distribution within the head of the successful photons was determined for two cases. In one case, the examined human fore-brain region contained a deep sulcus near the temple which was filled with a high volume of CSF. These results were then compared with the photon density distribution within a region of the head which contained only a small sulcus, filled with less CSF. To this end, the CSF volumina were calculated from the segmented MRI data. For both configurations, the number of pixels representing CSF was counted. The region with the high volume of CSF contained approximately 1.7 ml of CSF, while the region with the small amount of CSF the volume was approximately 0.7 ml. The simulations were carried out for emitter-detector distances of 2 cm, 3 cm, and 4.5 cm, respectively, and the optical parameters according to Table 1 were used. The results are shown in Table 2 and represent baseline conditions. Table 2 . Calculated photon density distributions (in %) for a brain area with a low CSF content in comparison with an area containing more CSF. Three different emitter-detector distances, respectively, were simulated and optical parameters according to Table 1 were used. The values for the rel. BV were arbitrarily set to 1 and as such reflect the conditions under which the measurements ( It can be seen from Table 2 that the influence of CSF is small. The small percentage of successful photon paths in the tissues of interest (grey and white matter) is, however, striking and will be discussed in the next section. It is nevertheless found that a relatively large distance between the emitter and detector is favourable. Spatial selectivity is gradually lost with increasing distance, however.
Influence of tissue blood content, standard case
The MC simulations described above included values for the optical parameters (Table 1 , baseline conditions) of different tissues as reported in the literature. As these values were determined by using mostly excised tissue samples where the blood content (in our simulation appearing in the form of the rel. BV) was not specified or unknown, it was only possible to make hypothetical assumptions with respect to the effects on the OD signal associated with changes in the blood content of the various tissues. The simulations outlined in the following are based on the assumption that the rel. BV under physiologic conditions may be considerably higher than it is reflected in the baseline conditions. A 'standard' case with respect to rel. BV was defined from the following findings. First, Leenders et al. measured the CBV to be 5.2 ml/100 g for grey and 2.7 ml/100 g for white matter, respectively [38] . Second, the rel. BV for scalp and skull, in turn, were estimated from values of the cerebral blood flow (CBF) published by Xu [39] and Zhu [40] , where the CBF was given as 50.2 ml/(min. ×100 g) for the brain, 0-1.8 ml/(min. ×100 g) for the bone and 2.0 ml/(min. ×100 g) for the scalp. The latter values were scaled according to the relative masses of the tissues. The percentages given in Table 3 were obtained by re-weighting the photon density distributions (Table 2) according to the rel. BV of different tissues. Thereby, the re-weighting procedure consisted of a multiplication of the density distributions with the rel. BV and re-scaling the values to 100%. The results indicate that the contributions to the OD signal from the tissues of interest in the 'standard' case which we assume to represent a physiological state are considerably larger than under the baseline conditions examined before, providing that the largest emitter-detector distance is chosen. The CSF space is quasitransparent.
Influence of ICG
For the conditions prevailing during the ICG passage, the following assumptions were made, in the grey and white matter, respectively, 30% of the blood is replaced by ICG, in the scalp and skull, in turn, the ICG concentration corresponds to 10% and 5% (considered as a typical momentary situation during the passage). The lower perfusion of the scalp and skull tissues in comparison to the brain is thereby taken into account. Table 4 shows hypothetical results for the influence of ICG alone ( rel. BV). This is justified insofar as the optical activity of ICG (absorption, scattering) as a tracer substance is higher than that of the tissues, Again, the original photon density distributions (Table 1) were re-weighted accordingly. ICG does not penetrate the capillary barrier, accordingly, it is confined to intravascular spaces. Since these spaces are larger and exhibit a higher perfusion in the intracerebral than in the extracerebral circulation, the effect of ICG is strong.
Conclusions
The results allow us to conclude that NIRS together with the ICG dye dilution technique can produce clinically useful measurements, in that, under optimal conditions, there is an up to more than 70% possibility that the light is interacting with the ICG dye/blood intermix in the blood vessels of the tissues of clinical interest, i.e., the grey and white matter. The effect of ICG is thereby quite significant. It should, however, be noted, that the results representing the 'standard' case are based on the assumption that the published data with respect to the optical parameters of various tissues involved are from excised tissue samples with an unknown, presumably low blood content. The large influence of ICG is, however, independent from the rel. BV and is always present. Yet, even under favourable conditions, the extracerebral contamination is such that a correction might still be necessary in particular under realistic clinical circumstances. The results finally suggest that a relatively large emitter-detector distance is favourable under all conditions.
